We realize a two-component dipolar Fermi gas with tunable interactions, using erbium atoms. Employing a lattice-protection technique, we selectively prepare deeply degenerate mixtures of the two lowest spin states and perform high-resolution Feshbach spectroscopy in an optical dipole trap. We identify a comparatively broad Feshbach resonance and map the interspin scattering length in its vicinity. The Fermi mixture shows a remarkable collisional stability in the strongly interacting regime, providing a first step towards studies of superfluid pairing, crossing from Cooper pairs to bound molecules, in presence of dipole-dipole interactions.
The ability to prepare dipolar quantum gases of magnetic atoms [1] [2] [3] [4] [5] [6] has enabled fascinating, yet unexpected, observations, emerging from the long-range and anisotropic character of the dipole-dipole interaction (DDI) among particles. In bosonic systems with dominant DDI, this includes d-wave-patterned collapse [7] , droplet stabilization [8] [9] [10] , and roton quasiparticles [11] . With fermions, many-body dipolar phenomena have been investigated only in spin-polarized systems. Here, the DDI competes with the Pauli pressure, rendering dipolar effects much more subtle, as e. g. their influence on the shape of the Fermi surface [12] .
Magnetic atoms further realize high-spin systems, e. g. fermionic Er has twenty available spin states in the lowest hyperfine manifold. In particular, bosonic dipolar spinor gases have been investigated in remarkable experiments with magnetic Cr atoms [13] [14] [15] [16] , whereas the fermionic counterpart remains rather unexplored in the quantum regime. Scattering experiments with fermionic Dy mixtures slightly above quantum degeneracy, showed a large collisional stability against inelastic dipolar relaxation [17] , enabling e. g. the production of long-lived spin-orbit-coupled gases via Raman excitations [18] .
As yet, the realization of a two-component dipolar Fermi mixture with tunable interactions has remained elusive. Such a system can disclose fascinating phenomena, from anisotropic quantum phases of matter, e. g. anisotropic Fermi liquids and superfluid pairing [19, 20] , to dipolar magnetism [21] , but also extended FermiHubbard models with off-site interactions [22] . Fermionic Er and Dy are very promising candidates for such studies, given their large magnetic moment. However, the large density of Feshbach resonances (FRs) even in spinpolarized gases [23] [24] [25] raises the question of whether stable fermionic quantum mixtures with tunable interactions can be realized with lanthanides.
We here report on a powerful platform to produce a two-component dipolar Fermi gas of pseudo-spin 1 /2 and demonstrate tunability of the interspin interactions. By using highly magnetic 167 Er atoms and a three-dimensional (3D) optical lattice as a tool for spin preparation, we perform high-resolution Feshbach spectroscopy and unambiguously identify the spin nature of the different FRs. Among the resonances, we find a well isolated and comparatively broad interspin FR and precisely measure the interspin scattering length. Our Fermi mixture reveals a remarkable collisional stability in the strongly interacting regime.
Achieving a deterministic preparation of a spin-1 /2 mixture and a precise control over the interspin interactions in highly-magnetic lanthanide atoms challenges experimental schemes. Indeed, the enormous density of FRs can cause collisional losses and severe heating, limiting the production and preparation of deeply degenerate mixtures at arbitrary magnetic fields (B), where hundreds of FRs might need to be crossed; see e. g. [18] . Moreover, state-selective preparation of a spin-1 /2 system typically requires large B values for which the quadratic Zeeman effect lifts the degeneracy on the Zeeman splitting among consecutive sublevels [17, 26] .
For these reasons, we establish a technique for collisional protection during the spin preparation; see Fig. 1 . In a nutshell, the key production steps are: We produce a spin-polarized degenerate Fermi gas (dFg) in an optical dipole trap (ODT) at low B (a1), and load the atoms into the lowest band of a deep 3D optical lattice, which acts as a collisional shield (a2) [27, 28] . We then sweep to high B for spin preparation and perform radio-frequency (rf) transfer (a3), sweep to the desired B and eventually melt the lattice (a4).
Experimentally, we prepare a spin-polarized dFg of 167 Er atoms in a crossed-beam ODT [5, 29] (Fig. 1(a1) ). All fermions occupy the lowest Zeeman state | ↓ ≡ |F = 19/2, m F = -19/2 of the ground-state manifold. Here, F is the total spin quantum number and m F its projection along the quantization axis. A homogeneous mag- netic field of B = 0.6 G is applied along the vertical z direction to define the quantization axis and to maintain spin polarization. The sample typically contains N = 2.4 × 10 4 atoms at about T = 0.25 T F . Note that the ODT is shaped to optimize single-band loading of the optical lattice and yields E F = k B × T F = k B × 170 nK = h × 3.6 kHz [29] . Here, T F is the Fermi temperature, h the Planck constant, and k B the Boltzmann constant.
In the next step, we transfer the spin-polarized dFg into a 3D optical lattice ( Fig. 1(a2) ), Our lattice has a cuboid geometry with lattice spacings (d x , d y , d z ) = (266, 266, 532) nm along the three orthogonal directions [29, 30] . In order to pin the atoms in a one-fermionper-lattice-site configuration (unit filling), we use large lattice depths of about (s x , s y , s z ) = (20, 20, 80) , where s i with i ∈ {x, y, z} is given in units of the respective recoil energies, E R;x,y = h × 4.2 kHz and E R;z = h × 1.05 kHz. After lattice loading, we obtain a singlecomponent fermionic band-insulator (BI) of about 2.2 × 10 4 | ↓ atoms. By melting the lattice and re-loading the fermions into the ODT, we measure T < ∼ 0.3 T F with N = 2.1 × 10 4 (T F ≈ 160 nK) and extract a heating rate in the lattice as low asṪ = 0.03 T F /s. Our system is well described by a single-band extended Fermi-Hubbard model [22] with residual tunneling rates of J x,y = h × 10.5 Hz and J z = h × 0.001 Hz, and nearestneighbor interactions in the order of h × 50 Hz [30] . We confirm the single-band population by performing standard band-mapping measurements [31] . In the horizontal (xy) plane, we do not resolve higher-band occupation; see Fig. 1(b) [29] . Along the z-axis, we detect a residual < 5 % population in the first excited band, resulting from the fact that E F > E R,z [32] . Because of the Pauli exclusion principle, doubly-occupied sites (doublons) in a single band are strictly forbidden for identical particles (| ↓ ).
In the BI regime, the lattice is expected to provide a strong collisional protection to the particles. As a first application, we use the lattice-protection technique to realize a spinor Fermi gas with pseudo-spin 1 /2 (| ↓ -| ↑ ), with | ↑ ≡ |F = 19/2, m F = -17/2 ( Fig. 1(a3) ). Experimentally, we start with a | ↓ BI at B = 0.6 G and then ramp B in 40 ms to a value of about 40 G, for which the quadratic Zeeman effect in 167 Er is large enough to lift the degenerate coupling of the individual spin levels [29] . After letting the field stabilize for 120 ms, we use a standard rf-sweep technique to transfer part of the atoms into the | ↑ state. By tuning the rf-power, we can precisely control the population imbalance, δ = (N ↓ − N ↑ )/N , in the mixture, with N ↓ (N ↑ ) the number of atoms in | ↓ (| ↑ ). 4 and T ≈ 50 nK after melting the lattice down ( Fig. 1(a4) ). For comparison, similar measurements in absence of the lattice clearly show a much lower atom number of N = 0.6 × 10 4 , proving the strength of our lattice-protection scheme to circumvent losses when cruising through the ultra-dense Feshbach spectrum [18, 23] . Figure 2 shows the high collisional stability of the lattice-confined spin mixture. In particular, we probe N ↓,↑ as a function of the holding time in the lattice; see Fig. 2(a) . From an exponential fit to the data, we extract long lifetimes of τ ↓ = 31(3) s and τ ↑ = 12.2(7) s. The measurements are carried out at B = 3.99 G, where no FRs occur [29] . Interestingly, within our error bars, we find no dependence of the lifetime of each spin state on the population in the other state; they remain long regardless of δ; see Fig. 2(b) .
We note that, although very long for our purpose, we always record shorter lifetimes for a | ↑ BI with respect to the ones measured for a | ↓ BI. Differently from the | ↓ case, two-body relaxation processes for | ↑ are allowed. At our magnetic fields, this process converts Zeeman energy into a large enough kinetic energy to let the atoms escape from the lattice [13, 33] , and requires the particles to collide at short distance (onsite) [17, 34] . In the spin-polarized cases (e. g. δ = −1; | ↑ ), double occupancy necessarily involves population in higher bands since the Pauli exclusion principle forbids doublons in the lowest band. In our system, a continuous transfer of a small fraction of atoms into higher bands might be driven by intensity and frequency noise of the lattice beams [28] . In the case of | ↑ this would lead to subsequent fast relaxation and justify the observed difference in the lifetimes.
With our spin-preparation method, we are now able to conduct high-precision Feshbach spectroscopy in an ODT ( Fig. 1(a4) ) in search of interspin loss features. For this, we first prepare the spin-1 /2 mixture in a deep lattice at the desired B value. We then transfer the mixture back into the ODT, hold the atoms for 500 ms, and finally measure the spin populations. Figure 3 exemplifies the high-precision Feshbach spectroscopy for three values of δ within a narrow magnetic field range from B = 550 mG to 750 mG with a resolution of 1 mG. A lower-resolution and larger-range scan is shown in Ref. [29] .
As expected [23, 24] , the atom-number trace as a function of B shows a high density of resonant loss features on top of a constant background. By controlling δ, we are able to distinguish the spin nature of each of the observed FRs. In the excerpt shown in Fig. 3 , we identify three narrow homo-spin FRs in a pure | ↓ sample (a) and four in a quasi-pure | ↑ sample (b). In the spinpolarized cases, all FRs exhibit widths of the order of our magnetic field stability of ≈ 1 mG. Thanks to our lattice-preparation technique, the shape and the width of the FRs are not affected by the magnetic field ramps, namely we do not observe neither broadening nor fictitious asymmetry in the loss peaks. For the 50%-50% spin mixture (δ = 0), we observe five additional interspin FRs ( Fig. 3(c) ), where atoms in the two spin states are simultaneously lost. Because of the complicated scattering behavior of Er, standard coupled-channel methods to assign the leading partial-wave character of the FRs are currently not available [35] . However, the width of the FRs can give indications on the strength of the coupling between open and closed channels [36] .
Among the observed interspin FRs, the one at about 0.68 G stands out from the forest of narrow FRs. This FR is almost two orders of magnitude broader, making it a promising candidate for Fermi-gas experiments in the strongly interacting regime. We further investigate this FR by performing modulation spectroscopy on the lattice-confined spin-1 /2 mixture ( Fig. 1(a3) ) to extract the interspin onsite interaction energy, U ↓↑ = U c + U dd , given by the sum of the interspin contact interaction, U c , and the DDI, U dd [30] . Thanks to the precise knowledge of U dd and to its angle dependence, we are able to directly extract the interspin scattering length, a ↓↑ ∝ U c = U ↓↑ − U dd , both in amplitude and in sign; for details see Ref. [29] . (4) [37] , for which the gas is expected to remain strongly interacting at unitarity [38, 39] .
For strongly interacting alkali Fermi gases, the large collisional stability in two-component mixtures has been essential for observing the crossover from a superfluid of delocalized pairs along the Bardeen-Cooper-Schrieffer (BCS) mechanism to a Bose-Einstein condensate (BEC) of bound molecules [40] . As a direct consequence of the Pauli principle, three-body recombination occurs primarily on the repulsive (BEC) side of broad s-wave FRs, where a weakly bound molecular level exists [41] , whereas, on the attractive (BCS) side, large scattering lengths coexist with a remarkable collisional stability [42] [43] [44] [45] . Such an asymmetry in the scattering behavior is identified as an essential attribute of BEC-BCS physics.
We investigate this aspect in a second set of experiments. We prepare an equally populated spin mixture (δ = 0) in an ODT (Fig. 1(a4) ) and probe the time evolution of the spin population as a function of the holding time in the trap for various B across the FR. Exemplary decay curves are shown in Fig. 4(b-c) . On the BEC side, at a ↓↑ = 880(140) a 0 , we observe a fast decay of both | ↑ and | ↓ atoms (Fig. 4(b) ). A simple exponential fit to the data gives lifetimes of τ 1/e ≈ 150 ms. In contrast, on the BCS side at a ↓↑ = −1500(500) a 0 (Fig. 4(d) ), the spin mixture shows a large collisional stability with lifetimes exceeding τ 1/e = 1200 ms (Fig. 4(c) ).
To get deeper insights, we systematically study the initial decay rate,Ṅ /N 0 , as a function of B. We determine the rates by using a linear fit to the data for the initial time evolution. Figure 4 (d) summarizes our results, plotted in terms of the dimensionless coupling constant 1/(k F a ↓↑ ). We observe an asymmetry of the loss rate curve, indicating that the Fermi mixture is remarkably stable in the unitary and strongly attractive regime. We note that both the qualitative shape and the quantitative values of the loss rates in 167 Er show strong similarities to the ones measured in 40 K [44] .
The existence of a comparatively broad interspin FR, and our demonstration of the interaction tuning across this resonance make fermionic Er gases a promising system for accessing BEC-BCS crossover physics within a distinct scattering scenario. Indeed, our mixture adds both the DDI and an intermediate effective range in the short-range scattering compared to the alkali cases [39, 40] , paving the way for studying exotic Cooper pairs and molecular BECs [19, 37, 46] and calling for new theory developments [47] .
We thank R. Grimm, M. Greiner, and A. M. Rey for fruitful discussions. We acknowledge financial support through an ERC Consolidator Grant (RARE, no. 681432), FET Proactive project (RySQ, no. 640378) of the EU H2020, and a DFG/FWF (FOR 2247 Our experimental protocol for the preparation of deeply degenerate Fermi gases (dFgs) of 167 Er follows the one described in ref. [5] . The experiment starts with a narrow-line magneto-optical trap operated at 583 nm to prepare spin-polarized 167 Er atoms with N = 1.2 × 10 7 atoms and T ≈ 10µK in the lowest hyperfine sublevel |F = 19/2, m F = -19/2 , where F is the total angular momentum quantum number and m F is its projection along the quantization axis. The atoms are then transferred to a horizontal optical dipole trap (ODT) formed by a laser beam at 1064 nm. The aspect ratio AR = w ⊥ /w z between the horizontal, w ⊥ , and vertical, w z , waists of this beam can be tuned from 1.6 to 15 via a time-averaging potential technique [9] , which allows to reach a good spatial mode overlap between the atomic cloud and the ODT. Subsequentially the atomic cloud is compressed by reducing the AR and transferred to a tight ODT created by a laser beam at 1570 nm with a waist of about 15 µm, and counterpropagating to the 1064 nm-beam such that their focii overlap. At this stage we typically have 1 × 10 6 atoms. During the evaporation procedure the atoms are further confined by an additionnal ODT at 1570 nm, formed by a beam propagating vertically with a waist of about 32 µm. The crossed ODT at 1570 nm is later denoted ODT 1570 .
Following our previous work of ref.
[5], we perform evaporative cooling based on elastic dipolar scattering among identical fermions. Such a cooling scheme has been proven to be very efficient to produce samples in the deeply quantum degenerate regime [5, 18] . At the end of the evaporation, the trap frequencies in ODT 1570 ) corresponding to the axis along (perpendicular to) the horizontal ODT beam and z indicating the axis of gravity. We typically obtain spin-polarized dFgs with up to N = 6×10
4 atoms and temperatures of T ≤ 0.15 T F , with T F being the Fermi temperature corresponding to the Fermi energy E F = k B T F = hν(6N ) 1/3 , where h is the Planck constant,ν = ν ⊥ ν ν z 1/3 the geometric mean of the trap frequencies and N the atom number. At this stage the Fermi energy is E F = k B ×630 nK = h×13 kHz. During the whole evaporation, the magnetic field has a value of B = 0.6 G and is oriented along z, which sets the quantization axis of the atomic dipoles. Here and in the following, N and T /T F are estimated from polylogarithmic fits to the absorption images of the dFGs after 12 ms of time-of-flight (ToF) using the horizontal imaging setup.
Preparation for lattice loading
In deeply dFgs, the atoms fill the Fermi sea up to the Fermi energy, E F . Hence, the number of populated bands, when the atoms are loaded to an optical lattice, crucially depends on the initial value of E F . In first approximation, E F can be compared to the lattice recoil energy E rec = h 2 /(2m Er λ 2 ), with m Er being the mass of 167 Er and λ the lattice wavelength. In particular, during the initial increase of the lattice potential higher bands become populated if E F > E rec [32] .
To minimize the occupation of higher bands due to the loading procedure we reduce the Fermi energy of our sample. To this aim, we transfer the atoms back to a crossed ODT operated at 1064 nm (ODT 1064 ), within 510 ms. Here, the dynamically adjustable AR of the horizontal beam allows a convenient control onν (see section above). We optimize the ODT parameters by lowerinḡ ν and N while keeping a low temperature of the sample. The best conditions for subsequent lattice loading are reached for (ν ⊥ , ν , ν z ) = (63(1), 36(2), 137(1)) Hz and N = 2.4 × 10 4 atoms with T ≤ 0.3 T F , corresponding to a Fermi energy E F = k B × 170 nK = h × 3.6 kHz. We note that for lower ν z atoms get lost due to gravity.
Three-dimensional optical lattice and its loading
The three-dimensional (3D) optical lattice in our experiment is created by two retro-reflected 532 nm laser beams along the x-and y-axis and one retro-reflected 1064 nm vertical laser beam along the z axis; see Fig. S1 . The lattice spacings are d x,y = 266 nm along the horizontal xy-plane and d z = 532 nm along the vertical z-axis [30] . With the available power, we reach maximum lattice depths of (s x , s y , s z ) = (25, 25, 120), where s i with i ∈ {x, y, z} is given in units of the respective recoil energies, E R;x,y = h × 4.2 kHz and E R;z = h × 1.05 kHz. Typical lattice depths used in the experiment are (s x , s y , s z ) = (20, 20, 80) corresponding to band gaps of h× 32.8 kHz along x and y and h× 17.7 kHz along z.
After preparation and transfer to the ODT 1064 , we adiabatically load the spin-polarized dFg into the 3D lattice by increasing the lattice-beam intensities exponentially in 150 ms to the final values. Subsequently, the ODT beams are switched off in 10 ms and we additionally hold the atoms for 500 ms before applying our spin preparation scheme. This holdtime enables to remove most of the residual atoms that have been pushed to higher bands of the optical lattice by the Fermi pressure, through their natural faster decay. We note that when the atoms are loaded directly from ODT 1570 we find up to 25 % of population in higher bands, which in this case get strongly depopulated within 500 ms. Despite our most careful loading procedure and our holdtime, we measure that up to 5 % of the atoms can still populate the higher band of the vertical lattice; see main manuscript (Note that the higher bands along z are the most tightly trapped within our lattice geometry).
Higher-band populations
To access the band population we perform bandmapping measurements. Here, we decrease all lattice potential to zero within 1 ms, thus mapping the quasimomentum of the band to real momentum. We then perform ToF absorption imaging, which thus probes the population of the different bands in directions transverse to the imaging axis. We note that, the edges of the lowest band can be smeared out because of the finite width of the in-situ cloud and due to an imperfect adiabatic switch-off of the lattice potentials [48] , limiting the accuracy of our determination. In our setup, we obtain our best estimate of the remaining higher band populations by comparing the absorption images to the expected profiles computed from the first Brillouin zone. In the z-direction, we observe a very small population in higher bands, which we quantitatively estimate using the horizontal imaging setup. Here, we additionally take advantage of the observed structure of the higher band population, which systematically appears below the lowest band (along the gravity axis). This might be due to a combined effect of residual magnetic gradient and gravity. We use this behavior to our advantage and extract the population of the higher band in z from the topbottom asymmetry of the band-mapping images. In the xy-directions, the estimate of the higher band population is more subtle in particular because of the non-orthogonal configuration between the imaging and horizontal lattice axes. To the best of our detection sensitivity, we do not
. Sketch of our lattice geometry. The coordinate system {x, y, z} and the lattice constants dx, dy, and dz are indicated.
observe any population in higher-bands along these axes. Based on the higher recoil energies in these directions, we physically expect a lower initial population of those bands than along z, as discussed above. In addition, because of the lower lattice depths, we expect a faster loss of their population.
Zeeman energy for fermionic Er
Fermionic Er exhibits a hyperfine structure resulting from the coupling of its nuclear spin I, whose quantum number is I = 7/2, with the total electronic angular momentum J, which in the ground state of Er has for quantum number J = 6. The total angular momentum reads F = J + I. In the lowest hyperfine manifold (F = 19/2) there are 2F + 1 = 20 sublevels which can be differentiated by the eigenvalues of the projection of F on the quantization axis, corresponding to the quantum number m F . Because, in our experiment, an external magnetic field B is always applied, the degeneracy of the sublevels is lifted by the interaction of B with the different angular momenta. In our description, the quantization axis is chosen to be parallel to B, and the m F sublevels are then denoted magnetic states. In the low B limit, the magnetic states are simply shifted in energy along E m F = m F g F µ B B, corresponding to a state dependent magnetic moment, µ = m F g F µ B . In Erbium, the absolute ground state has a magnetic moment of µ = −6.982804µ B , giving the Landé factor g F = 0.735032 [49] . Here µ B is the Bohr magneton.
In a more general way, the atomic energy levels in a uniform B-field can be calculated via an exact diagonalization of the atomic Hamiltonian [50] . In Fig. S2 we plot the energy levels of the lowest hyperfine manifold as a function of the magnetic field computed in such a way. The dominant trend evidences the linear dependence discussed above in the low B regime. However, at large enough B, deviations from this simple picture appear due to the Paschen-Back effect, as J and I start to decouple. In a perturbative description, this can be accounted via a quadratic correction to the Zeeman energies which writes
2 ) with q li = g F µ B B andu ∝ B 2 . The deviation from the linear Zeeman energy becomes evident when considering the differential split-
as the linear Zeeman effect q li m F cancels out; see inset of Fig. S2 . In the folowing we define ∆E Z = ∆E Z (m F = −19/2), which is the most relevant quantity for the current study, as restricted to m F = −19/2 and −17/2.
Preparation of a spin mixture in the lattice
To achieve a deterministic spin preparation of the two lowest spin states we typically use a large enough magnetic field of B = 40.51 G for which the differential Zeeman splitting ∆E Z = 42.6 kHz is larger than the fluctuations of the Zeeman energies coming from the magnetic field noise, corresponding to ≈ 20 kHz at this field. In this way, the spin-spin coupling induced by a small amplitude modulation of the magnetic field in the radio-frequency (rf) domain can be restricted to the subspace formed by the lowest two spin states m F = −19/2 and −17/2. To couple the two hyperfine sub-states we apply a rf-sweep by chirping the rf-frequency continuously from a value of (ν + 30 kHz) to (ν − 30 kHz) within about 10 ms, where hν matches the energy difference E −19/2 − E −17/2 (∆1 in Fig. S2) . We can prepare a well-reproducible mixture of | ↓ and | ↑ without populating the next higher spin state. The population imbalance δ between the two spin states can be freely controlled by varying the power of the rf signal. In particular, also almost all the atoms can be transferred to | ↑ reaching up to δ = −0.94 (see Fig. 1(c) of the main manuscript). We note that, while our preparation technique in the lattice initially leads to a coherent superposition of the two spin states, additional measurements suggest a fast decoherence, leading to a projection of pure states on the individual lattice sites for the experimental relevant time scales. In particular, we observe that coherently driven Rabi oscillations between the two spin states quickly damp within a few ms.
To image the spin mixture, we perform spin-resolved TOF absorption imaging using a Stern-Gerlach technique with a 1-ms pulsed magnetic field gradient at the beginning of the TOF. After an additional 7.2 ms of TOF, the populations of each spin state are spatially separated and we measure them by using the horizontal imaging setup (Fig. 1(c) ). N ↓.↑ are then counted by integrating the measured density distribution over well-defined regions of interest.
Lifetime of the spin mixture in a deep lattice
To conduct a clean measurement of the collisional properties of a spin mixture in the deep optical lattice it is important to fulfill the following requirements: (i) The spin mixture is in an insulating regime where the formation of doublons is suppressed via sufficiently large ratios of the onsite interspin interaction energy U ↑↓ to the tunneling rate J. This requires not only to use a deep lattice potential but also to sit away from any Feshbach resonance (FR) so that U ↑↓ is not resonantly modified and has a value close to its background one. (ii) The Zeeman energies are large and do not have an equidistant spacing so that both magnetization changing and magnetization conserving spin-exchange processes induced by the DDI are energetically supressed [15, 16, 51, 52] .
Due to the high density of FRs (see next section and Ref. [23] ), the requirement (i) is not so straightforwardly achieved in our fermionic erbium mixture. In this system, to find a magnetic field value for which we sit stably away from any FR is eased by a low technical magneticfield noise. Because of the different sets of coils used in our experiment, the magnetic field noise is found to be ≈ 1 mG up to B = 5 G while it increases to ≈ 20 mG when we go to higher B values. Hence, working at B ≤ 5 G turns out to be more favorable in our setup. On the other hand, the requirement (ii) is matched for a sufficiently large magnetic field, where the quadratic Zeeman effect (see Fig. S2 ) is strong enough to not be canceled by quadratic light shifts [53] . The best conditions for meeting the requirements (i) and (ii) are found at B = 3.99 G, which is used for the lifetime measurements of Fig. 2 . At this field, we have measured the onsite interaction energy using a similar technique as for Fig. 4(a) of the main text; see also below. The extracted value of U ↑↓ = h×2.43(2) kHz exceeds by far the relevant tunneling rates J x,y = h × 10.5 Hz so that it lies deeply in the insulating regime. In addition, we note that no spin-changing dynamics are observed from the measured spin population.
We finally note that, for technical reasons, our setup allows holding in the lattice up to 20 seconds. For longer times, thermal effects in the high-power fiber start to prevent us from properly stabilizing the output power for our lattice. We avoid observation in this regime where the lattice potential would not be properly controlled (which may also lead to additional losses), as the allowed observation time is already very long for our purposes. This restriction however limits the precision of our lifetime measurements for the long lifetimes observed in our setup and in particular for the longest-lived | ↓ state.
State-resolved Feshbach spectroscopy
To identify the magnetic field regions where promising interspin FRs occur, we first perform a rough Feshbach scan in the 0 − 2 G region for different population imbalances δ (Fig. S3) . For this set of data we do not use our lattice-protection technique. Instead, the spin preparation, the magnetic-field ramps, and the Feshbach spectroscopy are directly performed in the ODT. As expected, without the lattice, the loss features present broadening and asymmetric shapes due to the mere magnetic-field sweeps (e. g. via losses occuring during the sweeps). Yet, the most prominent features of the scattering physics can be identified.
Using this technique, we perform three sets of measurements, varying the composition of the mixture δ. In a first set, we perform a Feshbach scan in a spin polarized gas in ODT 1570 (Fig. S3, upper panel) . We jump to the final magnetic field and hold for t hold = 70 ms before TOF imaging. The trap frequencies are (ν ⊥ , ν , ν z ) = (324(1), 147(5), 259(4)) Hz. The system has an initial temperature of T = 0.18(1) T F . Similar to Ref. [23] , we observe a high density of loss features, which correspond to single-component (| ↓ ) FRs of high partial-wave character. In a second set of measurements, we repeat the magnetic-field scan in an almost pure | ↑ sample (Fig. S3, middle panel) . Here, we use a resonant rf-pulse at 0.99 G to prepare a mixture with mainly | ↑ atoms. Then we jump on a purely | ↓ homo-spin FR located at 1.034 G to remove remaining | ↓ atoms. The measurement is performed in the more shallow ODT 1064 to prevent too strong interspecies losses and t hold = 500 ms. For this trap, the trap frequencies are (ν ⊥ , ν , ν z ) = (39(1), 37(1), 145(3)) Hz and the initial temperature is T = 0.35(1) T F . We find new FRs, which mainly correspond to single-component | ↑ FRs. In a third set of measurements, we observe the loss features for a spin mixture prepared at 0.58 G in the same trap as for the pure | ↓ measurement with t hold = 50 ms (Fig. S3,  lower panel) . Here, the initial temperature is slightly increased to T = 0.24(1) T F due to the spin mixing. The individual homo-spin FRs are still visible while we also find new interspin | ↓ -| ↑ FRs.
We analyze the three sets of data to extract the spin nature of the individual FRs. For several FRs, the entrance spin channel can be easily identified. In addition, we also observe overlapping FRs. Here, an exact assignment requires a high-resolution magnetic-field scan and our lattice-protection technique; see main text. Among the forest of FRs recorded in the two-component mixture, we observe a promising interspin FR at about 700 mG, which remains rather isolated from other homo-spin FRs; see green shading in Fig. S3 .
As a second step, we focus on the magnetic-field region around 700 mG in which the promising interspin Feshbach resonance has been identified and perform highresolution Feshbach spectroscopy, taking advantage of the lattice-preparation scheme, as described in the main text. The lattice-protection technique is very powerful in removing technical broadening and artificial asymmetry of the loss peaks, as it clearly appears from a comparison between the atom-number traces recorded with ODTpreparation (Fig. S3 ) and lattice-preparation schemes (Fig. 3) . We perform the measurements for Fig. 3 as follows. We prepare a spin mixture in the lattice at high B as described above and sub-sequentially ramp the field to the desired value within 10 ms. After letting the Bfield stabilize for about 100 ms, the dipole trap beams are ramped up within 10 ms and we unload the atoms from the lattice back into the ODT 1064 within 150 ms. At this stage, the sample contains N ≈ 1.6 × 10 4 atoms at T ≈ 0.3 T F , almost independent of δ, and the trap frequencies are (ν ⊥ , ν , ν z ) = (111.6(2), 35(1), 169.4(6)) Hz. We then record the spin population after a holding time of 500 ms. For each magnetic field value, the measurement is repeated between two to four times and the average is reported in Fig. 3 . For all the above described measurements, we note that the observed atom losses can be mainly attributed to resonant three-body recombination collisions in the shortrange potential. Inelastic two-body losses driven by the spin-non-conserving dipolar interactions are, in principle, also energetically allowed since | ↑ atoms are in an excited Zeeman state [36] . However, we do not expect this process to be enhanced at resonance. Modulation spectroscopy with a fermionic spin mixture in the lattice
To measure the scattering length between two spin states of 167 Er, we rely on a method similar to the one that we have already successfully implemented with 168 Er [30] and 166 Er [9] . It is based on the measurement of the onsite interaction energy of two atoms in a deep optical lattice. Here, after preparing a spin mixture of | ↓ and | ↑ in the lattice we drive particle-hole excitations of neighboring atoms by a resonant modulation of the horizontal lattice depths s x,y . Note that for neighboring identical particles no single-band excitation will be observed due to the Pauli exclusion principle and only neighboring atoms in different spin states can be excited, allowing to effectively only probe the interspin onsite interaction U ↓↑ . In our experiment, we probe the doublon creation via the resulting increase in atom loss. We speculate that onsite dipolar relaxation is responsible for the observed loss [33] . We note that a distinct and convenient method to measure double occupancies has been demonstrated using the coupling to a third spin state [54] . Close to a molecular state of the original doublon components, the third spin state features a smaller interspin onsite energy and can thus be used to detect an initial double occupancy. Yet, such a method remains to be explored in our system.
In our experiment, we typically modulate the lattice depth for 1 s with a sine function with a peak-to-peak amplitude of 30% and a frequency ν mod . Maximum loss occurs when ν mod reaches the resonance condition ν res = U ↓↑ /h (see Fig. S4 ). Following our previous work [30] , the onsite energy U ↓↑ consists out of two contributions: Here, φ(r) denotes the onsite Wannier function, |r − r | is the interatomic distance and θ r−r corresponds to the angle between the polarization axis of the two dipoles with respect to their interparticle axis. The contact part depends on the interspin scattering length a ↓↑ , the reduced Plank constanth, and the mass m Er of a 167 Er atom, while the DDI part is proportional to the vacuum permeability µ 0 and to the magnetic moments of the two spin mated, corresponding to a relative stability of 10 −3 at the resonance position B 0 = 687 mG. Note that in alkali Fermi experiments, for which B 0 is typically 3 orders of magnitude larger, a much larger relative stability of 10 −5 is usually required even if the FR is effectively broader.
Loss spectroscopy in the ODT at the interspin FR For the measurements of the collisional properties of the fermionic spin mixture in the vicinity of the comparatively broad interspin FR (see Fig. 4(b-d) ), we apply the following experimental procedure. We prepare a spin mixture with δ = 0 in the deep 3D lattice following the scheme detailed above, that is applying a RF-sweep at large B. After the application of the RFsweep, we ramp the magnetic-field value to an intermediate lower value B = 3.99 G in 100 ms. We then jump with the magnetic field from the later intermediate value to the desired final value and let it stabilize for 10 ms. Finally, we ramp up the ODT 1064 beams in 10 ms, melt the lattice down in 20 ms. This shorter timescale for the lattice rampdown (compared, e. g. , to the Feshbach spectroscopy measurements, see above) is chosen to avoid significant losses to happen already at this stage. The final trap frequencies in the ODT 1064 are (ν ⊥ , ν , ν z ) = (111.6(2), 35(1), 169.4(6)) Hz. For this trap, the typical atom numbers recorded (see Fig. 4(bc) ) correspond to the Fermi energy E F ≈ k B × 150 nK for each spin component, which in turn gives a Fermi wave vector k F ≈ √ 2m Er E F /h = 1 × 10 7 m −1 . We then hold the two-component mixture in the ODT 1064 for a variable holding time, t, at the selected B-field and ultimately record the spin populations via Stern-Gerlach imaging.
We record the atom number decay with t for various magnetic fields B across the FR. For each B and each spin component, we extract an initial decay rateṄ /N 0 by fitting a linear-decay function to the recorded atom number N , normalized to its initial value N 0 , as a function of t. We fit all data for which the atom number stays above a threshold of 75% of N 0 . We checked that the extracted values ofṄ /N 0 do not change significantly when varying this threshold between 65 − 85%. An analysis of the full data using exponential fits also yields similar decay rate values.
